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a b s t r a c t
Purkinje cells (PCs) provide the primary output from the cerebellar cortex, which controls movement and
posture, and loss of PCs causes severe cerebellar dysfunction. The mechanisms underlying cell fate
determination and early differentiation of PC remain largely unknown. Here we show that the c-Ski
family member and transcriptional regulator Corl2 is required for correct differentiation of PCs. In Corl2
knock-out embryos, initial PC speciﬁcation appeared largely normal, but in a subset of presumptive PCs
generated near the ventral border of the PC domain, cell fate choice was compromised and cells showed
a mixed identity expressing the interneuron marker Pax2 as well. Additionally, selection and main-
tenance of the transmitter phenotype was compromised in most developing PCs in the mutants. During
later differentiation steps, induction of PC marker genes was signiﬁcantly suppressed, suggesting that
maturation was delayed in the absence of Corl2. Consistently, defects in migration, cell polarization and
dendrite formation were observed in mutant PCs, although their axonal trajectories appeared normal.
These phenotypes closely resembled those of mutants for Rora, an essential regulator of PC differentia-
tion. However, Rora expression was not signiﬁcantly changed in the Corl2 mutants, indicating that Corl2
does not simply act upstream of Rora to promote PC differentiation. ChIP experiments revealed that Corl2
bound to the promoter regions of several PC-selective genes, which are also known to be direct
downstream targets of RORα. Altogether, our results identiﬁed a novel regulatory program of PC
differentiation involving Corl2, which might cooperate with the RORα pathway.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The cerebellum consists of glutamatergic neurons, which
include granule cells (GCs), unipolar brush cells and deep cere-
bellar nuclei (DCN) excitatory neurons, and GABAergic neurons
including Purkinje cells (PCs) and several interneuron subtypes in
the cerebellar cortex and DCN (Leto et al., 2006; Simat et al., 2007;
Wang and Zoghbi, 2001). PCs provide the primary output from the
cerebellar cortex to the DCN and are thus essential for the function
of this brain region, such as control of movement and posture
(Sidman, 1983; Wang and Zoghbi, 2001). Indeed, degeneration of
PCs is known to cause ataxic symptoms in spinocerebellar ataxias
(Taroni and DiDonato, 2004).
All neuron subtypes in the cerebellum are thought to arise from
the dorsal part of the rhombomere 1 region (Millen and Gleeson,
2008). This region is demarcated into two distinct domains by the
expression of the transcription factors Atoh1 and Ptf1a (Hoshino,
2012; Sotelo, 2004). The dorsal Atoh1þ domain called the rhombic
lip generates all glutamatergic neurons in the cerebellum.
Conversely, the ventral Ptf1aþ domain (pC2) is known to generate
all GABAergic cells including PCs. Loss of function studies have
shown that GABAergic fate is speciﬁed by Ptf1a in all cerebellar
GABAergic neurons (Hoshino et al., 2005; Pascual et al., 2007).
Recent gene expression and fate mapping studies suggest that
Ptf1aþ domain can be subdivided into dorsal (pC2d) and ventral
(pC2v) domains that produce PCs and interneurons, respectively
(Minaki et al., 2008, Mizuhara et al., 2010). Additionally, temporal
changes in GABAergic progenitors might contribute further diver-
siﬁcation of GABAergic subtypes in the cerebellum (Leto et al.,
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2006; Sudarov et al., 2011). However, at present, how PCs and
interneurons are speciﬁed in the context of GABAergic fate
determined by Ptf1a remains unknown.
Postmitotic precursors for GABAergic neurons including PCs
start to emerge from the pC2 domain at around E11.5 (Chizhikov
et al., 2006; Minaki et al., 2008). All of these GABAergic precursors
express Lhx1/5. Deletion of both Lhx1 and Lhx5 genes causes
severe differentiation defects and loss of PCs but Pax2þ inter-
neurons are spared in spite of their pan-GABAergic expression
(Zhao et al., 2007). This indicates that Lhx1/5 are necessary for the
PC differentiation program, but that the speciﬁcity of their action
in promoting PC differentiation should be determined by other
factor(s) selectively expressed in PCs. One candidate is an orphan
nuclear receptor RORα. This gene is mutated in staggerer mice that
show an ataxic phenotype caused by PC differentiation defects
(Hamilton et al., 1996). RORα is selectively expressed by PCs in the
cerebellum at least during the embryonic stages (Nakagawa et al.,
1997). A genome-wide gene expression study for the staggerer and
ChIP experiments have demonstrated that RORα directly controls
the expression of most of the known PC marker genes, and thus
plays a central role in PC differentiation (Gold et al., 2003).
However, it has not yet been examined whether RORα is sufﬁcient
to control these transcriptional programs in PC differentiation. In
addition, the mechanism underlying regulation of PC differentia-
tion before the onset of RORα expression around at E13, one day
after the production of postmitotic PC precursors, remains
unknown.
Previously, we identiﬁed a novel c-Ski family transcriptional
regulator, Corl2 (also called Skor2) (Minaki et al., 2008). In the
cerebellum, Corl2 is speciﬁcally expressed in PC lineage cells
during all the developmental and adult stages. Interestingly,
postmitotic PC precursors initiate Corl2 expression shortly after
their exit from the cell cycle followed by induction of Lhx1/5 from
E12 onwards (Minaki et al., 2008). This expression pattern sug-
gests its role in initial speciﬁcation or early differentiation of PCs.
Recently, transposon-mediated mutagenesis screening identiﬁed a
Corl2 mutant allele that showed defects in cerebellar morphogen-
esis and PC maturation after birth (Wang et al., 2011), indicating
that Corl2 is essential for correct PC development. However, how
Corl2 regulates PC development and whether it is involved in early
PC differentiation during embryonic stages remain elusive.
In the present study, we generated Corl2 mutant mice by
targeted disruption to elucidate the role of Corl2 in early PC
differentiation. Our results revealed that Corl2 is largely dispen-
sable for initial speciﬁcation of PC fate but is required for promot-
ing multiple differentiation steps, including transmitter phenotype
selection, gene expression, migration and cellular morphogenesis.
Importantly, in the Corl2mutants, expression of RORα-target genes
was selectively altered despite the fact that Rora expression was
not signiﬁcantly affected. ChIP experiments revealed that Corl2
bound to the promoters of these genes. Together, our results reveal
a novel regulatory program involving Corl2 that is important for
early PC differentiation and might cooperate, at least in part, with
the RORα pathway.
Materials and methods
Mice
A Corl2 targeting vector was assembled using pGFP-neo-DT-A,
which contains the GFP cDNA and neomycin gene cassettes in a
Bluescript SKþ (Stratagene) backbone. Genomic sequences
encompassing the mouse Corl2 gene were isolated from a 129SV
genomic phage library. A 4-kb 50 arm-containing genomic frag-
ment just upstream of the initiation codon of Corl2 and a 4-kb 30
arm-containing fragment were separately cloned into pGFP-neo-
DT-A to generate the Corl2 targeting vector. Corl2-null mice were
generated by homologous recombination in the 129SVJ embryonic
stem cell line according to standard procedures, and germline
transmission of the mutation was conﬁrmed by Southern blotting
and PCR. Corl2 / mice were generated by crossing heterozygous
mutant mice on a 129SVxC57Bl/6 background, and genotyped
by PCR.
Immunohistochemistry and in situ hybridization
Immunohistochemistry was performed as described previously
(Nakatani et al., 2004). Primary antibodies used in this study
included the following: anti-Corl2 and anti-Ptf1a (Minaki et al.,
2008); anti-Corl1 (Mizuhara et al., 2005); anti-Lbx1 (a generous
gift from Dr. T. Muller); Lhx1/5 (Developmental Studies Hybridoma
Bank); anti-RORα (H-65) and anti-Lhx1 (C-20) (Santa Cruz Bio-
technology); anti-Pax2, anti-SMI32 and anti-giantin (Covance
Laboratories Inc.); anti-Ki67 (Novocastra); anti-caspase3 (Cell
Signaling); anti-GFP (Molecular Probes); and anti-GFP (Nacalai).
In situ hybridization was performed as described previously
(Nakatani et al., 2004). The primer sequences used for ampliﬁca-
tion of probe cDNAs were as follows: Calb1: 50-ATG GCA GAA TCC
CAC CTG CAG TCA TC-30/50-GCA AGG TCT CTT CGG TAC AGC TTC
CC-30; Car8: 50-GCT GAC CTG AGC TTC ATT GAG GAT GC-30/50-CAG
GAG TTT CCA CTC CTC ATC AAA GG-30; Slc1a6: 50-TGT TCC GCG TCG
CTC TCT CTG TCT TC-30/50-GCC AAG CTG ACA CCA ATG ATC ACA
GC-30; Pcp2: 50-GGA GAG ATA CAC AAT GGA CCA GGA AG-30/50-GAT
GGC TAG AAC TCT CAA GGA GCT TG-30; Pcp4: 50-ACA GGT GAA TGC
CTC TCA TTG GTT GG-30/50-TGT AGC AGG GTG TGT CTT GAG TGA
GG-30; Gad1: 50-CCT ACA ACG TAT GAT ACT TGG TGT GG-30/50-AGC
TAC TGA CAG AGC TGT GCT CTA GG-30; Vglut2: 50-GCT GGA CAC
CAG TCT TTA CAA GAA TG-30/50-GTC CAG CTC CTG CAG AAG TTG
GCA AC-30; Rora: 50-ATG CCA CCT ACT CCT GTC CTC GTC AG-30/50-
CCT CCT GTC ATA TGC CGA GGT CAA CC-30; Dab1: 50-AGA GTG AAT
GAC ATG CAC GGT GTT GG-30/50-TCA TCA CAG TCG TCT GTA TCC
TGT GC-30; Reln: 50-TCT CGC CTT TCT TTT TCC TGT GCA CC-30/50-
ATT TCC CAG GAT TGG GCC TGT TTG TC-30; Lrp8: 50-CAA GGA GTG
TGA AGA GGA CCA GTT TC-30/50-AAA AGG GTG ACT CAG GAA GTC
AGT GG-30; Vldlr: 50-TGT GAT AGC TCC CAG TTT CAG TGC AC-30/50-
TGC AAC TTG GAA TCC AGC CAG TAG AG-30; Atoh1: 50-AGA CCT
TGC AGA AGA GAC TAG GAA GG-30/50-CCG AAG TCA AGT CGT TGC
TAA CAA CG-30; Pax6: 50-TAC CAG TGT CTA CCA GCC AAT CCC AC-
30/50-TCA TTC TGA GGA TTT CTA GGG AAG AC-30.
ChIP assay
A ChIP assay was performed as described by Lin et al. (2009)
with some modiﬁcations. Brieﬂy, cerebella were dissected from
E16.5 wild-type and E17.5 heterozygous and homozygous Corl2
mutant embryos, and crosslinked in 4% PFA in PBS at 4 1C for 2 h.
The tissue was sonicated in lysis buffer (1% SDS, 1% NP40, 3 mM
MgCl2, 10 mM Tris 8.0, and 10 mM NaCl2). Pre-cleared protein/
DNA complexes were immunoprecipitated with rabbit anti-Corl2
or anti-Helt (control, Nakatani et al., 2004) antibodies using
protein A/G PLUS-agarose beads (Santa Cruz Biotechnology).
Immunoprecipitated DNAwas puriﬁed using a DNeasy kit (Qiagen)
and analyzed by PCR. The primer sequences were as follows: Pcp2:
50-CAG TCC TTA ACC TGC AAG GC-30/50-CCT GGA ACT CCT GCT GTC
AT-30; Pcp4: 50-AAT CAA CAA CCC TCG CTG TC-30/50-GTT TGG GGT
CAC CAT AGC TT-30; Slc1a6: 50-GGG CAT GTG ATT CAG TTG GT-30/
50-GCT TGT GAG CTC TTG TGC AG-30; Shh promoter: 50-AGT GTT
GGA CAC CCC AAG AG-30/50-CAG GAG CTT TGC AAG CTA ATT T-30;
Shh enhancer: 50-CCA CCA CTG GTC ATT CCT CT-30/50-GTG GCA CAT
TAA AGC CAC CT-30; Itpr: 50-GGG ACT TGG AAA GTG GAT CA-30/50-
GGA AAG CTA AAG GCA TGC AG-30; Kirrel2: 50-CTC ACA GCT CTC
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TAC CAA GG-30/50-GCT TGG TCT GTA TGC AAT CC-30; Foxa2: 50-TGC
ACC CAG ACT CGG GCA ACA TGT TC-30/50-TCC TGA CAC GGA GAA
GCG CTG GAA TG-30.
Results
The Corl2 gene is required for correct PC differentiation
A recent report described Corl2’s role in terminal maturation of
PCs, but the authors suggested its dispensability for embryonic PC
development (Wang et al., 2011). However, very early induction of
Corl2 expression during the course of PC development (just after
their birth at E12) suggests a role for Corl2 in initial speciﬁcation or
an early differentiation program (Minaki et al., 2008). To address
this issue, we generated Corl2 knockout mice, in which the ﬁrst
exon encoding N-terminal Ski homology domain was replaced
with a GFP-coding sequence (Supplementary material Fig. S1A).
Immunohistochemistry using an anti-Corl2 antibody conﬁrmed
this GFP knock-in allele as a null mutant (Supplementary material
Fig. S1B). Heterozygous mutants were morphologically normal and
fertile. Homozygous mice (hereafter referred to as Corl2 KO) were
also appeared grossly normal until birth (not shown). However, all
KO mice examined died within 24 h, consistent with recent
observations in transposon-inserted Corl2 mutants, although some
survivors were described for this transposon mutant (Wang et al.,
2011). Therefore, we ﬁrst analyzed the Corl2 KO phenotype at P0.
Gross morphology of the KO brain was mostly normal but the size
of the cerebellum was reduced and the foliation was less devel-
oped in the KO mice (Fig. 1A) as described for transposon-induced
mutants (Wang et al., 2011), conﬁrming that the cerebellar devel-
opment defects observed in the transposon mutants are caused by
loss of Corl2 activity.
At P0, PCs are still morphologically immature, but mRNAs for
most PC-selective markers were readily detectable, enabling us to
examine abnormalities of PC differentiation that occurred before
this stage. In Corl2 KO mice, mRNAs for PC markers including
Calb1, Pcp2, Pcp4, Itpr, Car8 and Slc1a6 (Gold et al., 2003) were
eliminated or signiﬁcantly reduced (Fig. 1B). This could be caused
by a change in cell fate, defects in differentiation/maturation, or
loss of PCs. To distinguish among these possibilities, we took
advantage of GFP marker expression under the control of Corl2
regulatory elements. Accurate expression of GFP from the Corl2
locus was conﬁrmed by comparing with endogenous Corl2 expres-
sion in heterozygous mutant embryos (Supplementary material
Fig. S1C). In Corl2 KO mice at P0, GFPþ prospective PCs were
observed (Fig. 2A), indicating that cells fated to become PCs were
generated and survived until this stage in the absence of the Corl2
gene. However, the number of GFPþ cells was slightly reduced in
the KO mice (Fig. 2B), and consistently, active caspase 3-positive
dying cells expressing GFP were observed at P0 (Fig. 2C and D) but
not at early stages (Supplementary material Fig. S2). Thus,
although cell death contributed to some extent, the decrease in
PC marker expression was mainly caused by blockade of correct
differentiation. Together, these observations revealed a previously
unidentiﬁed essential role for the Corl2 gene in the correct
differentiation of PCs during embryonic stages.
Corl2 is largely dispensable for the speciﬁcation and maintenance
of PC fate
We next addressed the mechanism underlying PC differentia-
tion defects caused by deletion of the Corl2 gene. Because Corl2 is
one of the earliest PC-selective genes, whose expression starts
soon after the birth of postmitotic PC precursors, Corl2 may be
involved in speciﬁcation of PC fate. To test this possibility, we
analyzed Corl2 KO mice at E12.75, when postmitotic PC precursors
are progressively generated. GFPþ presumptive PCs emerged from
the dorsal part of the Ptf1aþ progenitor domain called the pC2d
domain (Mizuhara et al., 2010) in both heterozygous controls and
KO embryos (Fig. 3A). The GABAergic neuron lineage marker Lhx1/
5 (Chizhikov et al., 2006) and the GABA synthesizing enzyme Gad1
were normally expressed in the mutant GFPþ cells (Fig. 3A),
indicating that a GABAergic identity was correctly speciﬁed with-
out Corl2 activity. Among GABAergic neurons generated from
Ptf1aþ pC2 domain, PCs, but not interneurons, selectively express
Corl2 (Minaki et al., 2008). If Corl2 is involved in the determination
of PC fate, presumptive PC precursors may alternatively acquire
interneuron fate in the absence of Corl2. To test this possibility, we
examined the expression of the cerebellar interneuron markers
Pax2 (Maricich and Herrup, 1999) and Lbx1 (Glassmann et al.,
2009) in the mutant cerebellum. Most of the mutant GFPþ
neurons in the Corl2 KO embryos were devoid of Pax2 and Lbx1
expression at E12.75 (Fig. 3B and data not shown), indicating that
these PC precursors did not adopt an interneuron fate. However,
near the boundary between the PC and interneuron domains (C2d
and C2v, respectively), neurons double-positive for GFP and Pax2
were frequently observed in the homozygous mutants although a
few double-positive cells were also generated in the heterozygous
mutants (Fig. 3B and C). This suggests that Corl2 is required for the
suppression of interneuron fate in a subpopulation of nascent PC
precursors.
Although we could not directly test whether PC fate was
correctly speciﬁed in the absence of Corl2, because PC-speciﬁc
markers that can mark nascent PC precursors other than Corl2
have not yet been identiﬁed, these observations suggest that Corl2
is not an essential factor for initial PC speciﬁcation.
To further examine whether GFPþ cells in the mutants were
correctly fated to become PCs, we analyzed later embryonic and P0
stages. The interneuron markers Pax2 and Lbx1 were not ectopi-
cally expressed in the GFPþ PCs at E14.5 and P0 (Supplementary
material Fig. S3), indicating that the cell fate choice between PCs
and interneurons was also not compromised in the absence of the
Corl2 gene at later stages. To more directly examine whether PC
cell fate is maintained during the embryonic stages, we analyzed
RORα expression in mutant PCs. Rora transcripts could ﬁrst be
detected at E12.75 (Fig. 3D). At this stage, Rora expression was not
inﬂuenced by Corl2 genotype, conﬁrming that PCs were normally
speciﬁed. At later stages, RORα expression was maintained in all
GFPþ cells until P0 (Fig. 3E and F) although the level of Rora
transcripts was slightly reduced in the mutants at E14.5 (Fig. 3D).
Taken together, these results indicate that Corl2 is not required for
the speciﬁcation and maintenance of cell fate choice in most
developing PCs. In addition, it is important to note that the
reduction of PC marker gene expression in Corl2 KO PCs observed
at P0 is not due to the absence of RORα expression, which is
known to directly regulate transcription of these genes (see
Section 4).
Corl2 is required for maintenance of GABAergic phenotype and
suppression of a glutamatergic phenotype in developing PCs
We next examined whether transmitter phenotype of PCs is
correctly maintained in the absence of Corl2. We observed that,
from E14.5 onwards, the GABAergic neuron marker Lhx1 started to
be decreased in a subpopulation of GFPþ cells lying near the
ventricular zone in the Corl2 KO cerebellum (Fig. 4A), and the
decrease was noticeable in all PCs at P0 (Fig. 4B). This may be
involved in the observed cell death in the Corl2 KO, as PCs could
not survive in the Lhx1/5 compound mutants (Zhao et al., 2007).
Gad1 expression was unchanged at E14.5 (data not shown), but at
P0, the level was decreased in the KO mice (Fig. 4C). In addition,
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we observed ectopic expression of the glutamatergic marker
Vglut2/Slc17a6 in young PCs in the KO embryos shortly after the
induction of Gad1 (Fig. 5A), consistent with the timing of Corl2
induction during PC differentiation (Minaki et al., 2008). Ectopic
Vglut2 expression in Corl2 KO PCs was more striking at E14.5 and
was maintained until P0 in some PCs (Fig. 5A and Supplementary
material Fig. S4). To further conﬁrm the aberrant acquisition of the
glutamatergic phenotype, we examined the expressions of tran-
scription factors that are involved in the speciﬁcation and differ-
entiation of glutamatergic neurons in the cerebellum (Engelkamp
et al., 1999; Fink et al., 2006; Machold and Fishell, 2005; Wingate,
2001). We observed ectopic expressions of Atoh1 and Pax6 in the
developing PCs of the KO embryos (Fig. 5B and C). Other gluta-
matergic transcription factors, including Tbr1, Tbr2/Eomes, and
Fig. 1. Corl2 is required for correct PC differentiation. (A) Morphological defects of the Corl2 KO cerebellum. The images show H&E-stained sagittal sections of the P0
cerebellum. (B) PC marker gene expression is reduced in the cerebellum of Corl2 KO mice at P0. Transcripts for Calb1, Pcp2, Iptr, Car8, Slc1a6 and Pcp4 are detected by in situ
hybridization.
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Zscan21/Zipro, were not changed in the KO PCs (data not shown).
These observations suggest that in the absence of Corl2, some
transcription factor pathways are selectively activated to confer the
glutamatergic phenotype on developing PCs, rather than the possi-
bility that mutant PCs additionally acquire the identity of cerebellar
glutamatergic neurons, such as granule cells and DCN neurons.
Together, these results show that Corl2 is dispensable for the
induction of a GABAergic phenotype, but is required for its
maintenance at later developmental stages and for suppression
of a glutamatergic phenotype in PCs.
PC maturation is blocked in early differentiation stages in the absence
of Corl2
As mentioned above, Rora expression was mostly normal in the
Corl2 KO mutants at all stages. However, the level of expression
was slightly decreased in the mutants at E14.5 as compared with
controls (Fig. 3D), suggesting that Corl2 is required for the
induction of a high level of Rora expression in the course of PC
maturation. This observation suggests the possibility that PCs
could not proceed with their early differentiation steps in the
absence of Corl2. To test this possibility, we analyzed PC marker
expression at E14.5, a time when some markers start to be
expressed. The levels of expression of most markers were
decreased in the Corl2 KO embryos (Fig. 6A), supporting the
idea that early differentiation program in PCs is blocked in the
absence of the Corl2 gene. The only exception observed was Pcp4,
whose expression was upregulated in young PCs near the ven-
tricular zone. In addition, relatively mature PCs lying near the pial
surface maintained Pcp4 expression at E14.5, which is in clear
contrast to its downregulation at P0 in the mutants (compare with
Fig. 1B).
Fig. 2. Corl2 is required for perinatal PC survival. (A, B) GFP-positive prospective PCs are observed in the Corl2 KO cerebellum at P0, but the number of GFPþ cells is reduced
in the Corl2 KO cerebellum. Quantiﬁcation data for the GFPþ cells are shown in (B). Error bars indicate s.d. (n¼5). (C, D) Cell death contributes to the reduced number of PCs
in the Corl2 mutants. Apoptotic cell death is selectively accelerated in GFPþ prospective PCs in the mutant cerebellum at P0 (C). Note that PC cell death was not observed
during early embryonic stages (see Fig. S2). Quantiﬁcation data for cleaved caspase3-positive cells are shown in (D). Error bars indicate s.d. (n¼3). Bars: 100 μm.
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We found that a closely related family member Corl1/Lbxcor1
(Mizuhara et al., 2005) was selectively expressed by GABAergic
neurons, including PCs, in the developing cerebellum at E12.75
(Fig. 6B). As PCs matured, Corl1 expression declined from E13.5
onwards (data not shown), and at E14.5, Corl1 expression was
signiﬁcantly reduced in maturing PCs. In Corl2 KO embryos,
induction of Corl1 expression was normal at E12.75. However, its
high level of expression persisted at least until E14.5 in most GFPþ
developing PCs (Fig. 6B). These observations are consistent with
the idea that, in the absence of Corl2, PC differentiation was
stopped at an immature state.
Together, these results demonstrate that Corl2 represents a
novel essential component in the early PC differentiation program.
Corl2 is required for correct migration and somal positioning of PCs
We next examined Corl2’s function in the migration of PCs.
A recent report showed that early-born PCs migrate towards
Fig. 3. Corl2 is largely dispensable for acquiring PC fate, but is involved in the suppression of interneuron fate in a subpopulation of developing PCs. (A) GABAergic identity is
normally speciﬁed in GFPþ prospective PCs of the Corl2 KO embryos. GABAergic neuron markers Lhx1/5 and Gad1 are normally expressed in the mutant GFPþ cells at E12.75.
(B, C) A subpopulation of presumptive PCs additionally acquires an interneuron character in the absence of Corl2. Expression of the interneuron marker Pax2 is not detected
in GFPþ cells of the heterozygous controls at E12.75. Similarly, most of the GFPþ cells in KO embryos are devoid of Pax2 expression. However, some GFPþ cells generated
from the boundary between c2d (PC) and c2v (interneuron) domains expressed Pax2. Right panels in B show magniﬁed images of the area indicated by rectangles of the left
panels. Quantiﬁcation data for GFP and Pax2 double-positive neurons are shown in (C). Error bars indicate s.d. (n¼3). (D–F) RORα expression is mostly normal in Corl2 KO
PCs. Induction of Rora transcript expression is not affected by loss of Corl2 (D). At E14.5, the Rora level is slightly reduced. However, the level of RORα protein does not differ
between heterozygous controls and KO embryos (E). At P0, Rora level is recovered in the mutants (D) and consistently, RORα protein expression in GFPþ PCs is normal (F).
Bars: 100 μm.
T. Nakatani et al. / Developmental Biology 388 (2014) 68–80 73
the cerebellar surface by radial migration followed by tangential
migration from E13.5 onwards, and form the Purkinje plate (PP)
by moving their somata to the pial surface side while maintain-
ing the axonal position, which causes a posture change (Miyata
et al., 2010). At E14.5, a clear PP structure was observed in
heterozygous control embryos as reported (Fig. 7A). By contrast,
PPs demarcated by GFPþ axonal bundles were less clear in the
Corl2 KO embryos, suggesting that mutant PC somata cannot be
correctly localized by their posture change. Because this PP
formation process is known to be controlled by reelin signaling
(Miyata et al., 2010), we analyzed the expression of Reln and its
signaling components in the mutant embryos. As expected, Reln
expression in migrating DCN neurons, which do not express Corl2,
was not changed by loss of Corl2 (Supplementary material
Fig. S5A). In addition, Dab1, Lrp8 and Vldlr were normally
expressed in the mutant PCs (Supplementary material Fig. S5A),
suggesting that Corl2 controls PP formation through signaling
molecules other than reelin.
At E17.5, PCs migrate towards the cerebellar surface to form the
PC layer. In heterozygous controls, most RORαþ PCs reached near
the EGL (Fig. 7B). By contrast, in the Corl2 mutants, many PCs had
not yet moved near the EGL. In heterozygous controls at P0,
virtually all the PCs had reached a region just beneath the EGL
and were segregated from Pax2þ interneurons that were retained
in the deeper layer of the developing cerebellum (Fig. 7B–D). By
contrast, in the Corl2 mutants, most PCs had moved near the EGL
but not completely reached their ﬁnal destination, and the PP was
still less compact. In addition, the segregation from Pax2þ neurons
was incomplete (Fig. 7C). These ﬁndings indicate that Corl2 is
necessary for the correct migration and somal positioning of PCs
and their timely formation of the Purkinje layer. The phenotype
was clearly milder when compared with that of the reeler mutant,
in which PCs cannot migrate to the cerebellar surface (Miyata
et al., 1997). The observation that reelin signaling component
genes were normally expressed at P0 as well (Supplementary
material Fig. S5B) again suggests that this migratory defect is
independent of reelin signaling.
Corl2 is required for polarization of and dendrite extension by PCs
It has been reported that the dendrites of the PCs were less well
developed in the transposon-induced Corl2 mutants at P10 and in
the adult (Wang et al., 2011). This phenotype may be caused by an
intrinsic defect in PCs or by a non-cell autonomous effect, such as a
reduction in the number of GCs that target PC dendrites and
induce them to mature. To distinguish between these possibilities,
we further analyzed the morphology of PCs in Corl2 KO embryos at
P0, before the onset of postmitotic GC generation (Carletti and
Rossi, 2008). At this stage, PCs start to form a highly polarized
morphology, with elongated somata and nuclei along the axis
vertical to the cerebellar surface in heterozygous controls (Fig. 8).
Giantin staining marks the position of the Golgi apparatus, which
is localized at the prospective dendrites extended toward the EGL
(Miyata et al., 2010). In heterozygous controls, giantin was fre-
quently localized on the pial side of the somata. By contrast, in
most Corl2 KO pups, highly rounded nuclei were observed in most
of the GFPþ PCs, the somatas were less directional, and cellular
processes appeared to be randomly extended (Fig. 8), although
some mutants showed relatively normal polarity (data not
shown). Defects in marker gene expression were similarly
observed regardless of the severity of the morphological abnorm-
ality. Indeed, giantin staining showed a random distribution of the
Golgi apparatus in the mutants compared with heterozygous
controls (Fig. 8). Because at P0, postmitotic mature GCs have not
yet been generated, these results strongly suggest that Corl2
activity is intrinsically required for polarization and dendrite
morphogenesis of PCs, at least in the late embryonic to early
postnatal stages.
Corl2 does not control PC axon trajectory
Because dendrite formation was affected by the loss of Corl2,
we examined next the axonal projection of PCs in Corl2 KO
embryos. It has been reported that PCs extend axon-like processes
toward the DCN immediately after the completion of radial
migration to the pia (Miyata et al., 2010). Consistently, GFPþ
axon-like processes were observed to be extended from PCs along
the pial surface toward the DCN in heterozygous mutants at
E12.75 (Supplementary material Fig. S6A). In KO embryos, a
similar pattern of axon-like processes was observed, indicating
that initiation of axonal extension from PCs does not require Corl2
activity.
At P0, GFPþ axons reached DCN glutamatergic neurons positive
for SMI32 and occasionally formed synapse-like contacts in the
heterozygous controls (Supplementary material Fig. S6B), as pre-
viously reported (Garin and Escher, 2001). These GFPþ axonal
Fig. 4. Corl2 is required for maintenance of GABAergic gene expressions in developing PCs. (A) Lhx1 expression is not maintained in the Corl2 mutant PC precursors from
E14.5 onward. Note that PCs lying near the ventricular zone express signiﬁcantly lower levels of Lhx1 in the mutants as compared with heterozygous controls, in which all
PCs uniformly express Lhx1 at E14.5. (B) Reduced Lhx1 expression persists until P0. (C) Gad1 expression is reduced in the Corl2 KO PCs at P0. Note that Gad1 expression by
interneurons, which are sparsely distributed within the deep layer of the cerebellum, is unaltered in the mutants. Bars: 100 μm.
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trajectory patterns and connections between PCs and their target
DCN neurons were similarly observed in the KO pups.
Together, these results suggest that Corl2 does not control
axon trajectory speciﬁcation. Combined with the previous obser-
vation that PCs in the Corl2 mutants can extend dendrites into
the molecular layer, which might connect with GC axons,
our observations further support the notion that PC identity is
not compromised in Corl2 KO embryos, but that PCs cannot
correctly differentiate at the appropriate time in the absence
of Corl2.
Fig. 5. Corl2 is required for suppression of the glutamatergic phenotype in developing PCs. (A) Vglut2 is ectopically expressed in the developing Corl2 mutant PCs. At E12.75
the glutamatergic marker Vglut2 is induced in young PC precursors. At E14.5, ectopic Vglut2 expression is maintained. However, until P0, Vglut2 expression in most mutant
PCs is suppressed as in wild-type PCs. Note that, in some PCs, Vglut2 expression persists until this age (see Fig. S4). (B, C) Transcription factors that are involved in the
development of cerebellar glutamatergic neurons are ectopically expressed in the developing PCs in the Corl2 mutants. Atoh1 (B) and Pax6 (C) are induced in the mutant PC
precursors at E12.75 and E14.5, but the ectopic expressions of these genes are not maintained at P0.
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Corl2 controls cerebellar morphogenesis and GC precursor growth
through regulating Shh expression in PCs
We ﬁnally addressed the cause of the cerebellar morphogenesis
defect in the KO. Because a less-foliated simple morphology of the
cerebellum was observed in mutants with affected Shh signaling
(which is essential for GC precursor growth) (Lewis et al., 2004),
we analyzed the expression of Shh and its downstream genes. Shh
is known to be speciﬁcally expressed in PCs among cells in the
developing cerebellum, and indeed, PC-speciﬁc ablation of the Shh
gene caused GC precursor growth and foliation phenotypes (Lewis
et al., 2004). In the Corl2 KO embryos, as previously reported for
transposon-induced Corl2 mutants, Shh expression was signiﬁ-
cantly reduced in the PCs by contrast to the observation that Shh
was readily detectable in a sub-population of PCs from E17.5
onwards in wild-type controls (supplementary material Fig. S7A
and data not shown). Consistently, expression of Ptch1, which is an
established target gene for Shh signaling, was markedly decreased
in the EGL of Corl2 mutants at P0 (Supplementary material
Fig. S7A). To further conﬁrm the defects in Shh signaling in Corl2
KO embryos we analyzed the growth properties of GC precursors
(Supplementary material Fig. S7B). The number of Ki67þ prolifer-
ating cells in the EGL was signiﬁcantly decreased in mutants
compared with the number in wild-type controls at P0, supporting
the idea that Shh signaling is suppressed in GC precursors in Corl2
KO embryos.
Together, our observations suggest that Corl2 controls the
differentiation of PCs that permits their Shh expression, and
thereby, non-cell autonomously regulates GC precursor growth
and cerebellar morphogenesis.
Fig. 6. Early differentiation program in PCs is blocked in the absence of Corl2. (A) Induction of PC marker genes in the developing PC is suppressed in Corl2 KO embryos at
E14.5. Expression of Calb1, Car8 and Slc1a6 in PCs is readily detectable in heterozygous controls. However, these genes are not detected or their levels are signiﬁcantly
reduced in mutants. By contrast, Pcp4 expression is markedly increased in the mutants particularly in young PCs lying near the ventricular zone. (B) Downregulation of Corl1
during PC maturation is suppressed in Corl2 mutants. Induction of Corl1 in nascent PC precursors is normal in the mutants at E12.75. In the heterozygous control, Corl1
expression is downregulated in most maturing PCs at E14.5. Note that GFP-negative neurons lying near the ventricular zone, which express Corl1 at a high level, are recently
generated interneurons. By contrast, Corl1 expression in nearly all GFPþ PCs in the Corl2 mutants is maintained at high level similar to that of interneurons near the
ventricular zone. Bars: 100 μm.
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Corl2 binds to the promoter regions of several PC-selective genes
in vivo
PC marker genes suppressed in Corl2 KO PCs, including Pcp2,
Pcp4, Slc1a6, Itpr and Shh, have been shown to be direct down-
stream targets for RORα (Gold et al., 2003). The observation that
RORα was almost normally expressed in the Corl2 KO PCs suggests
that Corl2 does not simply act upstream of RORα to control the
expression of these PC marker genes and differentiation. This led us
to examine the possibility that Corl2 directly regulates transcription
of these PC marker genes. We performed ChIP experiments using
embryonic cerebella to investigate whether Corl2 bound to the
promoter regions of ﬁve PC marker genes, whose elements bound
by RORα have been identiﬁed. All of these promoter regions were
immunoprecipitated speciﬁcally using an anti-Corl2 antibody
(Fig. 9). The speciﬁcity of ChIP was shown by the absence of
immunoprecipitation of unrelated control genes and the Shh
enhancer region that is also known to be bound by RORα. Further-
more, the absence of immunoprecipitation of the promoter frag-
ments from Corl2 mutant cerebella by the anti-Corl2 antibody
conﬁrmed the speciﬁcity of the antibody. Together, these results
suggest that Corl2 binds to the promoters of PC marker genes to
Fig. 7. Migration of PCs and formation of the Purkinje plate is controlled by Corl2. (A) At E14.5, the Purkinje plate (PP), which is demarcated from nascent PC precursors by
GFPþ axon bundles, is formed at the pial side of the dorsal cerebellum in the heterozygous control embryos (arrowhead). By contrast, PP formation is not evident in Corl2
mutants. (B–D) Migration of PCs and PC layer formation are affected by Corl2 mutation. PCs move to near the surface of the cerebellum to form a compacted PC layer until
birth. In the Corl2 mutants, PCs migrate toward the cerebellar surface but the migration is not completed (B), and PCs still intermingled with Pax2þ interneurons at P0 (C).
Quantiﬁcation data for the distribution of RORαþ PCs at P0 are shown in (D). The cerebellar cortical area was divided into four bins by the distance from the EGL, and the
ratio of PCs localized in each bin is shown. PCs are frequently localized at the distal area (near the center of the cerebellum) in the mutants. *Po0.05 by a t-test. Error bars
indicate s.d. (n¼3). Bars: 50 μm.
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directly control their expression and that Corl2 and RORα might
cooperate to regulate the expression of some downstream target
genes to control PC differentiation.
Discussion
In the present study, we revealed crucial roles for the Corl2
gene in early PC differentiation steps. Corl2 expression is induced
in PC lineage precursors immediately after their exit from the cell
cycle and PC-selective expression persists throughout develop-
ment (Minaki et al., 2008). This speciﬁcity and the timing of
expression led us to examine a possible role for Corl2 in the
speciﬁcation and maintenance of PC fate. Our data from loss-of-
function experiments support some roles for Corl2 in the speciﬁ-
cation of PCs. Additionally, Corl2 is required for promoting the
early PC differentiation program and for maintaining their trans-
mitter phenotype.
So far, several transcription factors, such as RORα, Ebf2, FoxP2,
Lhx1/5 and Ldb1, have been shown to be involved in the regulation
of PC differentiation (Boukhtouche et al., 2006b; Croci et al., 2006;
Fujita et al., 2008; Hamilton et al., 1996; Steinmayr et al., 1998;
Zhao et al., 2007). Among them, RORα represents the most speciﬁc
factor whose loss causes signiﬁcant impairment of PC differentia-
tion. Genome-wide gene expression analysis of staggerer mutants
combined with ChIP experiments revealed direct binding of RORα
to the promoter of several PC-selective genes to activate their
expression in PCs (Gold et al., 2003). Interestingly, expression of
most of these RORα-target genes was affected by loss of Corl2,
despite the fact that RORα expression was largely spared. Thus,
RORα is not sufﬁcient for inducing expression of these PC genes
and consequent PC differentiation. In addition, the requirement of
Corl2 for PC marker expression may explain why PC markers are
not expressed in the basket and stellate cells that also express
RORα (Boukhtouche et al., 2006a).
Importantly, not all PC-selective genes were inﬂuenced by the
Corl2 mutation as reelin receptor genes were normally expressed
in PCs. These unaffected genes were not included in the list of
RORα-target genes, showing that Corl2 KO phenocopies Rora
mutants, and thus, Corl2 and RORα appear to function in highly
overlapping pathways. Induction of Rora in PCs was normal in the
absence of Corl2, arguing against the possibility that Corl2 controls
PC genes simply by acting upstream of Rora. The observation that
Rora expression was slightly decreased at a later embryonic stage
in Corl2 KO embryos suggests that the loss of PC gene expression
in Corl2 KO embryos is caused by this decrease in Rora expression.
However, given that Corl2 KO phenotypes appeared comparable or
more severe than that of the staggerermutant, which is thought to
possess a complete loss of function mutation (Hamilton et al.,
1996; Steinmayr et al., 1998), it is more likely that Corl2 controls
PC development independently of regulating Rora expression, at
least in part. Alternatively, our results may suggest the possibility
that Corl2 cooperates with RORα to control transcription from
downstream target genes. Indeed, our ChIP data revealed that the
promoters of at least ﬁve RORα-target genes in PCs were occupied
by Corl2, supporting this hypothesis. Because Corl2 contains no
typical DNA binding domains (Minaki et al., 2008), Corl2 may act
as a cofactor for RORα. However, our preliminary data from
immunoprecipitation experiments using transfected HEK293 cells
did not support the hypothesis of a direct association between
Corl2 and RORα (data not shown). Additionally, Corl2 could not
activate the Pcp2 promoter through RORα in a heterologous
transfection assay (data not shown). However, we cannot exclude
the possibility that an as yet unknown factor(s) may bridge the
interaction between Corl2 and RORα. In this study, we only tested
previously known direct targets of RORα in Corl2 ChIP experiments
because promoter regions including RORα-binding elements,
Fig. 8. Abnormal polarization and dendrite extension of Corl2 KO PCs. In control pups, PC cell bodies and their nuclei are prolonged along the axis vertical to the pial surface
and immature dendrites are extended toward the pia. Giantin, which marks the Golgi apparatus, is frequently localized at dendrites. By contrast, in the Corl2 mutants, cell
and nuclear morphologies are highly rounded, prospective dendrite extension is randomly directed, and giantin is randomly distributed. Bars: left panel, 10 μm; middle
panel, 20 μm; and right panel, 10 μm.
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which might be important for transcriptional regulation of these
genes, have been identiﬁed. A genome-wide search for promoter/
enhancer occupancy by Corl2 and RORα using a ChIP-seq approach
is needed to investigate the cooperative and/or independent
actions between these factors in transcriptional regulation and
the control of PC differentiation.
The onset of Corl2 expression in PC precursors precedes that of
RORα by almost one day (Minaki et al., 2008). This may suggest a
role for Corl2 in an early differentiation step soon after exit from
the cell cycle, independently of the RORα pathway. Consistently,
some glutamatergic-related genes including Atoh1, Pax6, and
Vglut2, which were not expressed in wild-type PCs, were ectopi-
cally induced in Corl2 mutant PCs before the onset of RORα
expression, although Rora transcripts were expressed at this stage
(E12.75). This indicates that Corl2 indeed plays important roles
during the very early stage of PC differentiation, probably inde-
pendently of RORα. The observed role for the PC-selective factor
Corl2 in the transmitter phenotype selection is somewhat unex-
pected because, in the cerebellum, GABAergic and glutamatergic
phenotypes appear to be determined in the progenitors speciﬁed
by the transcription factors Ptf1a and Atoh1, respectively (Hoshino,
2012; Sotelo, 2004). The selection of the transmitter phenotype in
the cerebellar progenitors may be independent of their neuronal
identity, as proposed for mesencephalic progenitors (Nakatani
et al., 2007). However, our results indicate that suppression of
the glutamatergic phenotype and maintenance of the GABAergic
phenotype in postmitotic PCs and interneurons are regulated by
distinct mechanisms. Pax2 may control the transmitter phenotype
in cerebellar interneurons, as this factor determines the GABAergic
phenotype in dorsal spinal neurons (Cheng et al., 2004).
PC precursors with compromised identity, such as ectopic Pax2
and glutamatergic gene expressions, were observed in the Corl2
mutants during early stages, but had mostly disappeared at later
stages. These abnormal cells may be eliminated by cell death.
However, as we did not observe PC cell death until E14.5, the
disappearance of GFPþ Pax2þ neurons at E14.5 was not caused by
cell death, but more likely by downregulation of GFP or Pax2 in
these cells. The signiﬁcant decrease in PCs with glutamatergic
gene expression may partly arise through the PC cell death
observed at P0. Again, however, our observation that the decrease
in number of GFPþ PCs in the KO cerebellum at P0 (about 16%) was
not comparable to the rate of ectopic glutamatergic gene expres-
sions at E14.5 cannot be explained solely by the death of abnormal
PCs. Thus, it can be suggested that ectopic Pax2 and glutamatergic
genes are downregulated in the maturing PCs at later develop-
mental stages. Although precise analyses, such as lineage-tracing
experiments, would be necessary to deﬁne the dynamics of the
aberrant differentiation programs in the mutant PC lineage, one
possible explanation for the results is that transcription factor
networks involved in PC speciﬁcation and differentiation might be
stabilized along the course of PC maturation, and then repress
ectopically activated transcription factor cascades.
Corl2 belongs to c-Ski family of proteins that are thought to
function as transcriptional co-repressors (Luo, 2004). Previous
studies by our group and others showed that both Corl1 and Corl2
have co-repressor activity when tethered to DNA or through
binding to the DNA binding factors Lbx1 and Smads (Arndt et al.,
2007; Minaki et al., 2008; Mizuhara et al., 2005). However, the
present observations that most PC genes were downregulated in
the absence of Corl2 and that expression of at least some of these
genes appears to be directly controlled by Corl2, probably through
binding to DNA-binding factor(s), cannot be simply explained by
this notion. A recent report demonstrated that another c-Ski
family member, SnoN, acts as either a co-activator or co-
repressor in a context-dependent manner (Ikeuchi et al., 2009).
Therefore, in PC differentiation, Corl2 may act as a co-activator
probably through cooperating with another DNA-binding tran-
scriptional activator, such as RORα. The observation that Pcp4
expression was upregulated in PCs at E14.5, but was eliminated
at later stages, suggests the existence of a switch of Corl2 activity
from co-activator to co-repressor in the same cells and on the
same promoter by a change in context of transcription factor
expression during the course of differentiation. In any case,
identiﬁcation of direct downstream target genes for Corl2 and
the DNA-binding partner through which Corl2 controls target gene
transcription will be needed to reveal the mechanism of action of
Corl2 in PC differentiation.
In addition to the defects in PC gene expression, the migration,
somal polarization, and dendrite morphogenesis of PCs were
compromised in the Corl2 KO embryos. Mutations in Reln and its
receptor genes have been reported to cause abnormal PC migra-
tion and PP formation (Howell et al., 1997; Miyata et al., 1997,
2010; Trommsdorf et al., 2001). Corl2 mutants showed a similar
but clearly less severe phenotype in these processes compared
with the reelin signaling mutants. The normal expression of Reln
and its receptors in Corl2 KO embryos suggests that Corl2 controls
PC migration independent of reelin signaling or by inﬂuencing
some part of this signaling pathway. As yet unknown pathways or
signaling components involved in these PC differentiation pro-
cesses will be found by precisely analyzing Corl2 mutants using
methods such as genome-wide gene expression analysis.
In summary, the present study identiﬁed a novel component of
the early PC differentiation program, Corl2. Corl2 regulates PC
differentiation during embryogenesis including transmitter phe-
notype selection, marker gene expression, migration, somal polar-
ization, dendrite formation, and cerebellar morphogenesis
through regulating Shh expression, all of which appear closely
linked to the RORα-dependent program despite the fact that RORα
expression was largely unaltered. Future studies regarding the
mechanism of action of Corl2 in PC differentiation and
Fig. 9. Corl2 directly binds to the promoters of PC marker genes in vivo. E16.5 wild-
type and E17.5 heterozygous and homozygous Corl2 mutant cerebella were
subjected to ChIP analysis using anti-Corl2 and control (anti-Helt) antibodies. All
promoters that are known to be directly bound and activated by RORα (Gold et al.,
2003) are occupied by Corl2. The only exception is an enhancer region of the Shh
genes that is bound by RORα but not by Corl2. Kirrel2 and Foxa2 genomic fragments
were used as unrelated controls.
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transcriptional regulation will deepen our understanding of the
mechanisms underlying PC development.
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